Abstract-Various ABA-type tri-block copolymers composed of poly(l-lactide) (PLA) or poly (lactide-co-glycolide) (PLGA) as the side A block and poly(e-caprolactone) (PCL) as the middle B block were synthesized to produce rapidly degrading elastic matrices useful for tissue engineering scaffolds. The terminal di-hydroxyl groups in PCL-diol (MW 2000) were used as the initiator for the ring-opening polymerization of r--lactide or D,L-lactide and glycolide, employing stannous octoate as a catalyst. A series of copolymers were synthesized by varying the chain length and monomer composition of the PLA (PLGA) block, while the chain length of the PCL block was fixed. It was found that PLGA/PCL/PLGA copolymers with a MW of 10 000 and lactide/glycolide ratios of 50/50 and 75125 demonstrated desirable mechanical properties of elasticity (Young's modulus 26.0 and 19.8 MPa) and showed controllable degradability over a 2-month period depending on the monomer composition.
INTRODUCTION
Aliphatic polyesters have been extensively used as important biodegradable biomaterials for a wide variety of drug delivery carriers and biomedical devices. They exhibit controllable biodegradability, versatile mechanical properties, and proven biocompatibility when used in vitro and in vivo [1, 2] . Poly(t--lactide) (PLA) and poly(e-caprolactone) (PCL) are the most commonly used biodegradable polymers. In many cases, however, random copolymers were synthesized by using various monomers such as L-lactide, D,L-lactide, glycolide, and s-caprolactone [3] [4] [5] . They can be easily tailored to control their degradation periods and mechanical proper-*To whom correspondence should be addressed. Phone: +82-42-869-2621. Fax: +82-42-868-2610. E-mail : tgpark @ mail.kaist.ac.kr I t164 S. H. Choi and T. G. Park ties by changing the molecular weight and monomer composition [6, 7] . Among them, poly(n,L-lactide-co-glycolide) (PLGA) with varying lactide/glycolide ratios has been commonly used for drug delivery carriers and temporal scaffolds for tissue engineering, because it degrades relatively fast over a few months in a controlled manner t8-101. Although PLGA copolymers are very useful as biomedical devices, they are in a glassy state during most of the degradation period, due to their relatively higher glass transition temperature (7r) close to 50'C. On the other hand, PCL degrades very slowly, but has a very low T, of ca. -58'C. Thus, there have been many previous studies to produce random copolymers based on L-lactide or o,r--lactide/glycolide, and e-caprolactone, which demonstrated improved mechanical properties while attaining desirable degradation profiles [6] . The random incorporation of e-caprolactone monomer units into the backbone of PLA (PLGA) copolymers lowered the T, of PLGA, resulting in elastic and biodegradable polymers and only slightly affecting the hydrolysis rate of the ester linkage in the backbone [],I2].
In this study, ABA-type tri-block copolymers of PLA(PLGA)/PCL/PLA(PLGA) were synthesized, employing PCL as the middle block. The aim was to produce sufficiently elastic and rapidly degrading biodegradable polymers suitable for macroporous scaffolds for tissue engineering application. Biodegradable polymeric scaffolds for tissue regeneration must have highly open porous structures for sufficient cell seeding and growth, good cell adhesive surface properties, controllable biodegradability, and a mechanical property for regenerating different tissues in demand [13, 14] . For regenerating soft tissues such as cartilage and smooth muscle, it is highly desirable to use the rapidly degrading PLGA polymer, because the rate of polymer degradation should be synchronized with that of tissue formation. On the other hand, for the engineering of hard tissues, more slowly degradable and mechanically strong biodegradable polymers are needed [15, l6] . In our previous reports, novel macroporous and open pore structured PLGA scaffolds were fabricated by a gas foaming/salt leaching method [0] . While these PLGA scaffolds exhibited good tissue regeneration capabilities and controllable degradation behavior, the scaffolds did not physically respond to external stresses such as a cyclic strain. It is known that pulsed or cyclic external stresses stimulate the development of cytoskeletal structures ofcertain specific cells seeded on the scaffolds [17] . Thus, elastic biodegradable scaffolds are in high demand for facilitating cell differentiation and tissue regeneration. In this regard, the synthesis ofnew biodegradable and elastomeric polymers was attempted based on the ABA{ype block copolymer structure. PLA(PLGA)IPCLIPLA(PLGA) tri-block copolymers were produced by the ringopening polymerization of L-lactide, or D,L-lactide and glycolide in the presence of relatively low-molecular-weight PCL-diol (MW 2000). The molecular weight and co-monomer composition were varied to attain optimally elastic copolymers for use as scaffold materials. Thermal characteristics, mechanical properties, and in vitro degradation profi les were investigated.
,- Synthesis of the tri-block copolymers PCL-diol (20 g, 10 mmol) and varying amounts of l-lactide, or D,L-lactide and glycolide were charged into a round-bottomed flask. The flask was heated in an oil bath to 140'C to melt the monomers and then purged with dry nitrogen. After melting, the temperature was lowered to 120"C and stannous octoate was added [monomer/catalyst ratio (M/C) : 1000]. The ring-opening polymerization under a nitrogen atmosphere continued for 24 h with stirring. After the reaction was completed, the product was dissolved in chloroform and then precipitated in cold ethyl ether three times. The precipitates were dried under vacuum.
Film preparation and characterization
Various kinds of PLA(PLGA)IPCLIPLA(PLGA) tri-block copolymers were dissolved in chloroform lI}Vo (w/v)l and cast onto Petri dishes. They were dried at 4C for 2 days and then further dried under vacuum. IH-NMR spectra were taken by a Bruker AVANCE 400 operating 400.13 MHz NMR spectometer, with the solvent chloroform-d containing tetramethylsilane (TMS) as an internal reference. Gel permeation chromatography (GPC) was performed on a Waters 600E solvent delivery system (Millford, MA, USA) and a Shodex RI-71 differential refractometer equipped with an Autochro data module (Younglin, South Korea) on a PhenogelrM OH-0444-KO column (Torrance, CA, USA). Chloroform was used as the mobile phase at a flow rate of 1.0 ml/min. A calibration curve was constructed with polystyrene standards. The thermal behavior of the tri-block copolymers was studied by using a differential scanning calorimeter (DSC, Dupont 2000). Samples were quenched to -120'C and then heated to 220'C at a rate of lO'C/min under a nitrogen atmosphere.
Mechanical properties of the tri-block copolymers
Samples of PLGA/PCL/PLGA tri-block copolymers for determining mechanical properties were prepared by hot-press molding at 150"C to make a sheet 1 mm in thickness. The specimens for tensile measurements were cut from the sheets and shaped into dog-bone-type bars (1 mm thick, 5 mm wide, and 25 mm long) using a cutter. The mechanical properties of the copolymer films were measured using I a tensile tester for five parallel specimens. The tensile test of these specimens was performed at a constant cross-head speed of 1 mm/min on an Instron 5583 tensile testing machine at20c and 50Va relative humidity.
M easurement of polymer degradation
Tri-block copolymer fllms (about 100 trrm in thickness) were incubated in 5 ml of 0.01 v phosphate-buffered saline (PBS) (pH 7.4) containing 0.02Vo (w/v) sodium azide at 37'C. At predetermined time intervals, the specimens were washed with deionized water, weighed to measure water absorption, and then freeze-dried. The film degradation was gravimetrically measured by comparing the weight of the freeze-dried samples with that of the original samples. All experiments were carried out in duplicate. To investigate the molecular structural change during the degradation, IH-NMR spectra were taken of the freeze-dried samples. Relative molar ratios of lactide/glycolide and e -caprolactone in the degrading samples were determined as a function of time.
RESULTS AND DISCUSSION
Various ABA tri-block copolymers of PLA(PLGA)/PCL/PLA(PLGA) having different molecular weights and compositions in the PLA(PLGA) blocks were synthesized by the ring-opening polymerization of t--lactide, or o,L-lactide and glycolide in the presence of PCL-diol, as shown in Fig. 1 . The middle block of the relatively short-chain PCL segment serves as a soft and elastic component, while the two side blocks of the PLA or PLGA segment are tailored to control the hydrolytic rate of degradation by varying the molecular weight and composition. In order to produce rapidly degradable copolymers lasting only for several months, the molecular weight and the composition of PLA or PLGA were adjusted prior to the ring-opening polymerization. Table 1 lists the molecular weight, thermal properties, and lactide/glycolide monomer compositions for the various copolymers. It can be noted that the molecular weight and monomer composition of the copolymers as determined by IH-NMR are very close to the theoretical values, suggesting that desired tri-block copolymers were successfully synthesized in accordance with the molar ratio and composition of t--lactide or D,L-lactide/glycolide in the monomer feed. Figure 2A shows the IH-NMR spectrum of the PLGA/PCL/PLGA (75125) tri-block copolymer as a typical example. The molecular weights of the tri-block copolymers were determined by calculating the relative area ratio between the -OCH2-triplet peak of the a-caprolactone unit (4.06 ppm) and -CH3 doublet peak of the lactic acid unit (1.58 ppm) and the -CH2-peak (4.83 ppm) of the glycolic acid unit [5, 18] . Although the molecular weights determined by GPC are much higher, the GPC chromatograms demonstrated one single narrow peak, indicating that homo-polymeric by-products of PLA or PLGA were not produced. For the ring-opening polymerization of tri-block copolymers, it is also important to avoid a transesterification reaction. It has been reported that in the ring-opening polymerizations using stannous octanoate as a catalyst, a transesterification reaction occurs at reaction temperatures higher than 120"C [9] . In our study, PCL-diol as a di-functional macromer initiator was used to synthesize tri-block copolymers at 120'C. To examine whether transesterification occurred in the middle block of PCL, I3C-NMR spectra were taken. Figure 2B shows the l3C-NMR spectrum of the carbonyl carbon for the PLGA/PCL/PLGA (75125) tri-block copolymer. It can be seen that there is no evidence of transesterification, as judged by the appearance of a single peak (CCC) with two satellite peaks (GGCC and LLEC), and the absence of signals indicating transesterification in the PCL block, such as CCL, LCL, CLC, CLL, CCG, GCG, CGC, and CGG [5, 18, 20] . The thermal characteristics of various tri-block copolymers determined by DSC are also shown in Table l . It can be seen that for the PLA/PCL/PLA tri-block Table 1 GGCC+ LLCC copolymers, both the glass transition temperature (Zc) and the crystalline melting temperature (7-) values of the PLA segments decrease with decreasing chain length of PLA. This is in agreement with the previous finding that increasing the caprolactone ponion in the tri-block copolymer directly influences the thermal transition temperature [21] . There was no detectable PCL crystalline melting temperature in the DSC thermograms. These PLAIPCL/PLA copolymers did not exhibit sufficient elasticity at room temperature because of their Z, values, which are higher than 34.1"C. On the other hand, two PLGA/PCL/PLGA triblock copolymers of MW 10000 with lactide/glycolide ratios of 50/50 and75/25 exhibited lower Z, values of 21.6C and 28.5'C, respectively. Increasing the molecular weight of PLGA up to 40 000 shifts the Z, values to 35.5"C and 44.5'C for the 50/50 and 75125 PLGA/PCL/PLGA tri-block copolymer, respectively. It appears that the introduction of amorphous PLGA chains adjacent to the PCL middle block was more effective in lowering the Z, value than that of semicrystalline PLA chains. This result can be explained by the improved degree of phase mixing between the PCL and PLGA phases. The mutual entanglement degree of amorphous PCL and PLGA chains plays a decisive role in determining the extent of phase compatibility between the two blocks, which affects the Z, value of the tri-block copolymer to a great extent. In this respect, semi-crystalline PLA and amorphous PLGA having high molecular weights are not good enough to be compatible with PCL and to reduce the Z, value. Thus, two PLGA/PCL/PLGA (MW 10000) tri-block copolymers with lactide/glycolide ratios of 50/50 and 75/25 were selected for the measurement of their mechanical properties. The two tri-block copolymers exhibited an elastic and rubber-like property compared with the hard and brittle PLGA homo-polymer. Table 2 lists the results of Young's modulus, yield strength, tensile strength, and percent elongation for the two copolymers. While they are weak in mechanical strength, their degree of elongation at failure reached 40l.4Vo and 478.2Va for the 50/50 and 75/25 PLGA/PCL/PLGA tri-block copolymer, respectively. Hence, it is expected that these two copolymers are suitable materials for fabricating elastic macroporous scaffolds for tissue engineering. It should be noted that the mechanical properties (c) r20
listed in Table 2 were determined for dry samples. If the samples were placed in an aqueous medium, the listed values would change due to the water hydration, which lowers the glass transition temperature of polymers [22] . However, it was expected that the elastic properties of PLGA/PCL/PLGA would still be retained in a wet state. Figure 3 ,A' shows the degradation behavior of the two PLGA/PCL/PLGA triblock copolymers incubated in PBS buffer medium at 37'C. The PLGA 50/50 copolymer degrades faster than the PLGA 15125 copolymer. Because PCL in the middle block is known to degrade very slowly compared with the PLGA chain in the side blocks fl2, 23, 241, a preferential cleavage reaction of the tri-block copolymers is likely to occur along the backbone of the PLGA chains. After incubation for 56 days, the former eroded by 63Vo in mass, but the latter showed about 50Vo mass erosion. This can be attributed to the fact that the monomer composition ratio of lactide/glycolide mainly affects its hydrolysis rate [25] . The PLGA 50/50 copolymer exhibits a monotonic mass erosion profile, while the PLGA 75125 copolymer tends to show a short lag period of about 7 days prior to starting mass erosion. A lag period in the mass erosion profile of PLGA polymers is routinely observed [22, 26] . The water uptake data (Fig. 38) indicate the presence of an initial lag period for both copolymers. The PLGA 50/50 and PLGA 75125 copolymers show a slightly different latent water hydration period in the early incubation stage and then both begin to absorb water to vastly different degrees. The PLGA 50/50 copolymer exhibits increasing water hydration up to 20 days, with a decreasing tendency thereafter, while the PLGA 75125 copolymer continuously takes up water until 42 days. These results suggest that water hydration, chemical degradation, and mass erosion kinetic processes are closely synchronized for the relatively more hydrophilic PLGA 50/50 copolymer, but not for the PLGA 75125 copolymer. It is conceivable that the PLGA 50/50 copolymer produced more watersoluble degradation products that temporarily increased the extent of hydration because they were readily diffused out, whereas the PLGA 75/25 copolymer hydrated continuously as a result of the accumulated oligomeric fragments in the matrix that could not be solubilized in water as well as those of PLGA 50/50 [0] . Figure 3C shows the swelling degree of the two copolymers as a function of time. The swelling degree was determined by measuring the change in film thickness. The PLGA 50/50 copolymer exhibits a slight decrease in swelling due to the simultaneous occurrence of hydration/erosion processes, but the PLGA 7 5 /25 copolymer demonstrates a marked increase in swelling because of continuous hydration and slower degradation processes. This observation implies that the PLGA 50/50 copolymer is more suitable for tissue engineering scaffolds because it does not change its dimension to a significant degree during the degradation process. While PLGA polymers exhibit a heterogeneous degradation behavior depending on the size of the device I27, 281, the degradation experiments were carried out with thin films in this study. Thus, such heterogeneous degradation was not likely to occur. Figure 4 shows the variation of monomer composition in the tri-block copolymer during the degradation. IH-NMR spectra were taken to determine changes in the molar ratio between the lactic plus glycolic acid monomer units in the PLGA chain, and the caproic acid monomer units in the PCL chain for the two PLGA/PCL/PLGA tri-block copolymers. The results provide direct evidence that the PLGA chain was hydrolyzed much faster than the PCL chain, as mentioned above. The PLGA 50/50 copolymer shows a very short lag period of a few days, but the PLGA 75/25 copolymer has a relatively longer lag period of about 10 days prior to decreasing the molar ratio of (lactic * glycolic acid)/caproic acid. These tH-NMR results are in good agreement with the observed lag time results shown in Fis. 3.
CONCLUSIONS
A new class of amorphous PLGA/PCL/PLGA tri-block copolymers was synthesized from the ring-opening polymerization of lactide and glycolide monomers in the presence of oligomeric PCL-diol as an initiator. The synthesized polymers demonstrated useful mechanical properties suitable for fabricating elastic tissue engineering scaffolds. The mass erosion rate of the tri-block copolymers could be easily controlled by varying the monomer composition in the PLGA chain, which was primarily hydrolyzed relative to the PCL chain.
